The ability to create complex geometries with tailored material properties has brought interest in using additive manufacturing (AM) techniques in various industrial applications. However, the complex relationship between AM process parameters, microstructure, and resultant properties of metals needs to be fully understood for the widespread use of metal AM. In this study, selective laser melting is used to print Ti-6Al-4V. In-situ tensile tests with concurrent detailed microstructural analysis using electron backscatter diffraction, electron channeling contrast imaging, and digital image correlation are performed to understand the damage mechanism and its relation to the microstructure. Our results show that the as-printed part develops a hierarchical microstructures, consisting of primary, secondary, and tertiary ′ martensite. This hierarchical structure is formed as a result of cyclic heat treatment during the course of selective laser melting. Upon deformation, strain localization within primary ′ martensite results in microscopic ductile micro-void formation and coalescence, as well as macroscopic brittle fracture. In addition to localization inside primary ′ , surface steps at the boundaries of these high aspect ratio grains are formed which reveal the contribution of interfacial plasticity to the overall deformation of the material.
Introduction
The high strength to weight ratio and good corrosion resistance make titanium alloys attractive for lightweight structural components, especially in aerospace and biomedical industries. For most structural applications, two phase titanium alloy, consisting of low temperature phase and high temperature phase is used. The + titanium alloys can have different morphologies (i.e. fully lamellar, fully equiaxed, or a combination of the two) depending on the processing thermal history [1] . However, a fully lamellar structure is generally preferred for high fracture toughness and fatigue crack propagation resistance [2] . Additive manufacturing (AM) of titanium alloys is gaining an increasing attention because many titanium alloys are expensive and hard to form/machine with conventional methods [3, 4] . There are several methods for 3D printing metals including selective laser melting (SLM), selective electron beam melting (SEBM), directed energy deposition (DED) and binder jetting [5, 6] . In the present study, we focus on selective laser melting (SLM) of Ti-6Al-4V that has attracted a lot of interest and results in a lamellar microstructure [7] [8] [9] [10] [11] [12] [13] [14] [15] . In SLM, a thin layer of metal powder is spread on a powder bed and selectively fused using a high power laser. This process is repeated layer by layer until the whole part is printed. One of the key challenges associated with the adoption of AM technologies for the production of structural components is the uncertainties associated with the resultant mechanical properties. For example, the reported values of ductility for as-printed selective laser melted Ti-6Al-4V, spans from 1.7% up to 11.9% [16] . Such large scatter in the mechanical properties, in our view, is attributed to the microstructural heterogeneities that could arise during SLM of Ti-6Al-4V . Under the rapid solidification and cooling rates of SLM, high temperature β phase of Ti-6Al-4V alloy transforms into metastable hcp α′ martensite. Due to the high cooling rates, high density of defects such as dislocations and twins are generally present in the as-printed structures [17] . Printed layers are subjected to multiple heating cycles with decay in intensity as subsequent layers are being deposited, which in turn could modify the microstructure. Epitaxial growth of the previous layer upon successive laser scans, can result in columnar β grains [18, 19] . Preferential growth orientation of ′ martensite is aligned at about 40° with respect to the build direction [10, 13] . This orientation is pretty close to the maximum macroscopic shear stress if tensile loading normal to the build direction is applied. Existence of thin films of retained β phase at the interface between martensites has also been reported [15, 20] . A lot of studies in the literature have focused on mechanical properties of selective laser melted Ti-6Al-4V [19, 21, 22] . Majority of data in the literature attribute the brittle fracture of selective laser melted Ti-6Al-4V to two main origins: (i) the ′ martensitic phase and (ii) the defects that are generally present in the printed structure. Different strategies have been accordingly applied to enhance the ductility of printed Ti-6Al-4V. To address the former, in situ decomposition of brittle ′ phase into more ductile α + β phases by tuning laser parameters is proposed [19] . To address the latter, optimization of process parameters and developing processing maps to minimize defects have been proposed [21, 22] . Recently, it has been argued that the tensile yield strength and uniform elongation of printed Ti-6Al-4V is mainly governed by the as-built microstructure, while the strain-to-failure is sensitive to the porosity, even in very high-density samples [17] . However, what microstructural features govern the deformation is not thoroughly investigated. In addition, the role of martensite interface on the overall deformation of the material has not been studied in the past. What is more, brittle and ductile features are typically observed on the fracture surface of selective laser melted Ti-6Al-4V [11, 21, 23] . However, the mechanism leading to this pseudo-brittle failure is not clear yet. The aim of this work is to understand the deformation mechanisms and damage in selective laser melted Ti-6Al-4V. In general, the ductility of printed Ti-6Al-4V in the transverse direction is lower than the build direction [16, 24] . Therefore, the focus of this work is on the properties in the transverse direction. In-situ tensile tests with detailed microstructural analysis using electron backscatter diffraction (EBSD), electron channeling contrast imaging (ECCI), and digital image correlation (DIC) are performed to establish the connection between microstructure and mechanical properties.
Method
An open platform SLM has been used for printing Ti-6Al-4V powder under Argon atmosphere [25] . Printing process parameters were chosen based on prior porosity optimization experiments. The laser power and scan velocity were set at 300W and 300 mm/s respectively. The layer height and hatch spacing were fixed at 50 microns. Ti-6Al-4V powder (LPW Technology Ltd, UK) with nominal size distribution between 10-45 μm was used. Titanuim plates with 10 mm thickness were used as a build platform. The scan path trajectory was designed such that the entire gauge length of tensile samples was printed in one island. For each subsequent layer, the island pattern was rotated by 45° as shown in Fig. 1a . Tensile samples were cut from rectangular builds by electrical discharge machining (EDM). The gauge cross-section was 2mm (width) × 0.75mm (thickness) × 6 mm (gage length). Build direction (BD) is perpendicular to the tensile axis. Tensile samples were grinded and polished for surface observations. Tensile tests were performed at room temperature and nominal strain rate of 1 × 10 -4 s -1 using Gatan Microtest module with 2 kN load capacity. Three samples were tested to analyze the repeatability of the results. Nanoindentation was performed using a Hysitron triboindenter and a Berkovich tip. All indents were quasi-static with 30s loading up to 250 µN, 5 s hold, and 30 s unloading. The macroscale strain distribution during tensile testing was observed by optical DIC based on spray coating. Secondary electron (SE) and back scatter electron (BSE) imaging and EBSD was carried out using a TESCAN Mira scanning electron microscope (SEM) operated at 30 KV and equipped with low energy back scatter detector and EDAX-EBSD camera. The high resolution DIC (HR-DIC) was performed by secondary electron (SE) imaging of the SiO2 particles on the surface [26] . SE imaging on the same microstructural position was repeated at 0.15% strain steps. The SE images were correlated using digital image correlation (DIC) in the GOM software. Before deformation, EBSD was carried out on the same microstructural positions as observed with SE imaging during deformation. All EBSD measurements were performed with step size of 50 nm. Samples for EBSD were prepared by mechanical polishing using several SiC sand papers and diamond suspensions up to 1 μm, followed by 0.5 hour polishing using SiO2 colloidal suspension. Reconstruction of the prior grain structures is achieved by the ARPGE software [27] . For automated analysis of highest Schmid factor slip systems, Orientation Imaging Microscopy (OIM) Analysis™ provided by EDAX is used. For large field of view imaging, specimens were chemically etched using Keller etchant. Fig. 1c shows the DIC map of deformation where the local strain near the fracture zone goes up to 4.5%. Our measured tensile strength agrees well with values reported in the literature ranging from 1006 to 1327 MPa [16] . The strain to failure reported in the literature, on the other hand, widely varies from 1.6 to 11.9% [16] . In comparing the reported range with our measurement of ductility one should note that most of the deformation in more ductile samples happens post-necking and the uniform elongation is generally limited to 2-4% [17] . This latter range agrees well with our measurements. Fig. 2a shows the macro fracture surface of one of the broken samples. The overview of fracture surface shows planar, faceted features that are highlighted in the image. The detailed view of these facets ( Fig. 2b) show dominant cleavage type fracture surface surrounded by dimple like features (see the arrows). While the former represents a brittle fracture, the latter is a characteristic of ductile fracture. The post fracture cross section of the sample (cut in the mid plane in the longitudinal direction) is shown in Fig. 2c . It is interesting to note that this cross section consists of microvoids that are lined up 45° with respect to the loading direction (LD), corresponding to the plane of maximum shear stress at the macroscale. The fact that the fracture surface follows the same lines indicates that these microvoid nucleation and coalescence resulted in the final fracture. Microviod formation is a characteristic of ductile fracture whereas the resulting apparent macroscopic behavior of the printed samples is brittle. These voids are not pre-existing voids due to the processing such as lack of fusion or gas entrapment defects because they are not present far from the fracture surface. Therefore, these voids are formed during the deformation of the material causing pseudo-embrittlement. The term pseudo-embrittlement refers to promotion of a local ductile fracture resulting in deterioration of the global ductility [28, 29] . To further understand the origin of microvoid formation, detailed microstructural analysis is performed which will be presented in the following sections. 
Heterogeneous microstructure
The microstructure of printed Ti-6Al-4V in the transverse direction is shown in Fig. 3a . The thermal gradient in the build direction leads to coarse columnar β-grain structures as shown by the dashed line in the Fig. 3a . During solidification, the high temperature β-phase transforms to metastable α′ martensite. However, the transformation path is complicated since the solidified material then experiences several thermal cycles, even above the β-transus temperature, from subsequent beam passes as shown schematically in the inset in Fig. 3a . Complex thermal history results in formation of substructures in the solidified material. The detailed view of the boxed region in Fig. 3a shows different grain morphologies that are present in the microsrtructure. The primary α′ grains are transformed early on during printing and are extended throughout the beta grain boundary. These grains are also subjected to autotempering during the cyclic heat treatment and thus are less dislocated and softer than the surrounding microstructure. Secondary and tertiary α′ grains are transformed later on during the process and their growth is inhibited by the boundaries of previously formed grains. The histogram of different types of α′ grains in three images (each 50×50 µm 2 ) is shown in Fig. 3c . There are only a few primary α′ grains with areas between 10-50 µm 2 and the quantity enhances as we move toward smaller grains. A certain amount of β stabilizer (V) in Ti-6Al-4V alloy can promote the coexistence of β and α′. The β phase is revealed by the brighter contrast in the etched microstructure in Fig. 3b . Presence of β phase in as-printed microstucture has also been reported in the literature [15, 20] . To verify the difference in hardness between the primary α′ and the surrounding substructure, we conducted 100 nanoindentations on a 20 by 20 µm 2 grid. The hardness values presented in Fig.  3d shows a large scatter spanning from 4.3 GPa to 7.12 GPa. Arrows show the hardness values of indentations inside primary α′ that are all in the first quarter of the hardness range. It should be noted that variation in the hardness values are both due to size effect as well as thermal history effect. 
Strain localization
To have a better understanding of the relationship between heterogeneous microstructure and deformation, in situ tensile test is performed. We first analyzed axial micro-strain distribution during the deformation of the as-printed Ti-6Al-4V. Three steps are shown in Fig. 4 a-c corresponding to the undeformed, global strain of 1%, and 2% respectively. Individual strain bands in Fig. 4c are predominantly oriented at 45° with respect to the loading direction (corresponding to highest shear strain at the macroscale). In Fig. 5 a and b , we correlated the HR-DIC map at 2% global strain with the EBSD grain size map of the same region. We could identify two features in this correlation. First, it is apparent that the grains with high aspect ratios (and therefore bigger in size), that are oriented at approximately 45° to the loading direction, correspond well with the localization bands in the HR-DIC map. Several of these grains are highlighted with the solid ellipsoids in Fig. 5 a and b . This is in good agreement with our hardness measurements where the high aspect ratio laths represented soft spots in the microstructure. Second, the colony of laths, where all laths belong to the same crystallographic variant (as shown in the inverse pole figure (IPF) map in Fig. 5c ), also show a high strain localization tendency as highlighted by dashed ellipsoids. Both colony structures are favorably oriented parallel to the plane of maximum macroscale shear direction. 
Deformation mechanism
Plastic deformation in Ti-6Al-4V is mostly accommodated by basal or prismatic slip [1] . The overlay of image quality map and Schmid factor map for the basal and prismatic slip systems are shown in Fig. 6a and b respectively (same field of view as Fig. 4 and 5 ). Only grains with high Schmid factor (above 0.4) are colored in the figure for clarity. Due to the specific orientation relationship between β and ′ phase ([0001]α // [110]β and [112 ̅ 0]α // [111]β), the parent β grains can be reconstructed based on the local texture [27] as shown in Fig. 6c . The surface topography of the sample after deformation is shown in Fig. 6d . The change in contrast in this figure shows good agreement with the deformation localization map in Fig. 4c (i.e. higher strain corresponds to brighter contrast). Surface topography evolution has been shown to be an effective method for local strain mapping [30] .
Comparing the Schmid factor maps with the HR-DIC map in Fig 4c or surface topography in Fig  6d demonstrates that strain localization in the high aspect ratio ′ laths occurs primarily in grains with high Schmid factors in the prismatic slip system (shown by the arrows in Fig. 6b and d) . In particular, inside grain 2 with high density of martensites with high basal Schmid factor, strain localization occurs in a few grains with high prismatic Schmid factor. On the other hand, both ′ colonies with strain localization in HR-DIC map of Fig. 5 , show high basal Schmidt factor as highlighted by ellipsoids. Figure 6 . Effect of schmid factor on strain localization a) Schmid factor map for the basal and b) prismatic slip systems; red color shows grains with schmid factor between 0.4-0.5, c) reconstructed prior beta grain boundary of the same region, d) surface topography after deformation.
Based on the surface topography evolution (and its correspondence with the HR-DIC map), we can study the large scale/bulk plasticity of the printed Ti-6Al-4V. Fig. 7a shows a wide field of view of deformed sample close to fracture surface. Loading is applied in the horizontal direction. It is apparent that the steep surface steps are confined within the prior beta grain boundaries. This implies that reducing the beta grain size can be an effective method in improving the mechanical properties of the printed Ti-6Al-4V parts. The majority of surface steps are oriented at approximately 45° to the loading direction. However, there are a few grains (for example, grains 5 and 6) where the ′ 's major axis is not aligned with the maximum shear stress direction and yet these grains undergo localization. The surface steps in grains 5 and 6 are almost perpendicular to the loading direction. In the majority of the grains, there are steep surface steps only in one major direction, but there are also a few grains (for example, grains 3 and 4) where localization occurs in two perpendicular directions implying that localization can happen in the secondary ′ as well. The detailed view of surface topography shows that there are two distinct scales of surface steps as shown in Fig. 7b suggesting that two different deformation mechanism must be activated. The surface steps are identified by contrast changes as shown in the inset in Fig. 7b (the plot shows gray values across the dashed line in Fig. 7b ). The smaller steps (gray arrows in Fig. 7b ) are slip traces associated with dislocation activity which result from the intersection of an active slip plane with the sample surface. Fig. 7c shows ECCI of the deformed microstructure showing dislocation network inside the grains. The bigger steps, on the other hand, are at the grain boundaries ( Fig. 7d ), indicating the contribution of interface plasticity to the overall deformation of the material. Grain boundary is accommodating the plastic deformation incompatibility between the adjacent grains without cracking which could be attributed to the thin film of retained phase at the boundaries acting as lubricant. Fig. 8a is a cropped view of the fracture cross section presented earlier in Fig. 2c . Detailed view of the voids (Fig. 8b) shows that these voids are mainly inside the primary α′. We can also observe indications of other localized plasticity such as rippling effect at the boundaries of α′ which can potentially lead to void formation (Fig. 8c ) or necking and rupture of the primary α′ (Fig. 8d) in the deformed microstructure. These observations suggest that the local damage is promoted by a highly ductile process, and mostly confined within primary α′ grains. During deformation, localized, microscopically ductile microvoid formation and coalescence along primary ′ martensite result in macroscopic brittle fracture. Localization of plastic deformation during early stages of loading reduces the contribution of the whole cross section to bear the applied load. This can also explain the ductile and brittle nature of the fracture surface which is commonly observed in AM parts and presented in Fig. 2a and b . These observations imply that localization in high aspect ratio grains leading to void nucleation and coalescence is the predominant cause of failure in the as-printed Ti-6Al-4V. 
Damage

Discussion
Based on the results presented in the previous sections, it is now possible to discuss the mechanism of deformation and damage in additively manufactured Ti-6Al-4V. Under the rapid solidification and cooling rates of SLM, BCC β phase of Ti-6Al-4V alloy transforms completely into metastable hcp α′ martensite phase by a diffusionless, shear-type transformation process. The shear deformation involved in martensitic transformation results in a lath structure with high initial dislocation density. The cyclic heat treatment during AM can lead to some degree of autotempering in the solidified material. The degree of autotempering is mainly dependent on the sequence of martensitic transformation. High aspect ratio laths, that are transformed early on during AM process and span throughout the prior β grain boundary, are subjected to more autotempering and are less dislocated. The boundaries of these high aspect ratio grains impede growth of laths that are transformed later in the process. In other words, the deformability is increasing from late to early martensite resulting in a heterogenous microstructure as schematically shown in Fig. 9a . Such heterogeneity based on the sequence of martensitic transformation has also been observed for martensitic steel [31] . Upon deformation, strain localizes primarily in high aspect ratio laths that represent soft spots in the microstructure as shown in Fig. 9b . Other than being less dislocated, local plasticity is enhanced in high aspect ratio laths by long dislocation mean free path in the lath's longitudinal direction. We also observed strain localization in Colonies of ′ lamellae as shown in Fig. 5 . However, the large field-of-view of deformed microstructure with steep surface steps (shown in Fig. 7a .) suggest that localization in high aspect ratio laths is more predominant. During deformation, ′ major axis orientation and slip system orientation can affect the deformation response. Localization occurs more frequently in the laths that are oriented 45° to the loading direction. High prismatic and basal Schmid factors also show good correlation with strain localization in the high aspect ratio ′ and ′ colonies respectively. However, correlation between strain localization in high aspect ratio ′ and high basal Schmid factor has also been reported in the literature [14] . At room temperature, the prismatic slip system in the α-Titanium displays the lowest critical resolved shear stress [32] . Increasing Al content in the alloy tends to reduce the ratio of critical resolved shear stress (CRSS) values for basal and prismatic slip. The stress to activate these two systems becomes equal at 5.74 wt% Al [32, 33] . This could explain why the correlation between strain localization and both high basal and prismatic Schmid factor can be observed. It is also important to note that the Schmid factor maps are obtained by projecting the applied macroscopic stress onto the slip systems of each grain based on their orientation. However, strain incompatibilities between grains and elastic and plastic anisotropies resulting from grain interactions results in complex stress states in each grain. Therefore, it has been argued that the stress tensor in each grain as opposed to the macroscopic applied stress should be used to determine the active slip systems [34] . It has also been shown that there is not a correlation between the Schmid factor and high strain values measured by DIC in FCC materials [35] . On the other hand, Schmid law has been shown to be satisfactory to explain slip system activation in Ti-6Al-4V [14, 36] and good correlation in the present study is also observed. Surface topography studies ( Fig. 7a and d) show that plasticity is taking place at the martensite boundaries resulting in boundary surface steps. The effect of interface plasticity on the deformation of printed Ti-6Al-4V has not been studied so far. As high aspect ratio laths do not have any internal boundaries, their grain boundaries are especially prone to interface plasticity to accommodate the incompatibilities with the surrounding microstructure. The boundary can accommodate significant out of plane deformation without cracking due to the presence of thin beta films at the interface acting as lubricant. Strain localization in primary ′ is confined within the prior boundaries. No clear localization at prior boundaries is observed in the large fieldof view image in Fig. 7a. Fig. 9b schematically represent two major deformation mechanisms that are slip and interfacial plasticity. Strain localization in the primary ′ leads to void nucleation as schematically presented in Fig.  9c . The voids coalesce causes the final fracture. Previous synchrotron X-ray computed tomography (SXCT) experiment has also detected pore formation inside additively manufactured Ti-6Al-4V after deformation, albeit at much lower resolution [17] . We argue that these pores are not pre-existing voids due to processing (as these pores do not exist far from the fracture zone), but rather are generated due to the localized plasticity during deformation. The localized plasticity, promoted as a result of heterogeneous microstructure, is a highly ductile process but results in a macroscale brittle fracture. Fracture surface (shown in Fig. 2 ) also has characteristics of both ductile and brittle failure. This is the reason why we use the term "pseudo embrittlement" to refer to this localized ductile process deteriorating the overall ductility of the material. Void nucleation in the material, reduces the overall solid cross section, and results in reduction of the macroscopic load in the load-displacement data. In our view, this can be the reason why all selective laser melted Ti-6Al-4V have limited uniform elongation (between 2-4%) [17] and show early necking irrespective of their overall ductility (which varies from 1.6 to 11.9% [16] ). Up to the necking point, the behavior of the material is mainly dependent on the heterogeneous microstructure. Beyond the necking point, ductility can be dependent on the sample geometry [37] . It is important to note that the gage section of our samples (2mm×0.75mm) for micromechanical testing is an order of magnitude smaller than most of the tensile samples used in the literature which are normally cylindrical tensile specimens with diameter between 5 and 10 mm [21, 23] . Our samples do not show a clear necking before fracture. Tensile specimens with a bigger gauge cross section on the other hand, tend to show higher elongation to failure presumably due to bigger cross section for growth and coalescence of the voids. The combination of in situ tensile test and post fracture characterization sheds light on the deformation and damage mechanism in selective laser melted Ti-6Al-4V. It also helped us understand the cause of discrepancies in the reported mechanical behavior and especially elongation to failure of the printed titanium alloys. We believe the findings of this work can help develop strategies toward printing Ti-6Al-4V microstructures with improved mechanical properties. Figure 9 . Schematic representation of deformation and damage in additively manufactured Ti-6Al-4V a) heterogeneous microstructure where deformability decreases from early to late transformed martensite b) deformation localization in high aspect ratio laths that also leads to interfacial plasticity (only dislocations generated during deformation are shown) and c) deformation localization leads to void nucleation, the voids grow and coalesce and result in final fracture.
Conclusion:
We investigated the deformation response and damage mechanism of selective laser melted Ti-6Al-4V using an in situ tensile test and post-mortem fracture analysis. Based on the results the following conclusions are drawn:
-Cyclic heat treatments during selective laser melting results in a hierarchical microstructure based on the sequence of martensitic transformation. Early martensites (i.e. primary ′ ) span throughout the prior grain boundary and are subjected to more autotemperaing, thus less dislocated and softer. Late martensites, are smaller because their growth is stopped by the boundaries of early martensites, subjected to less autotempering and therefore have more dislocations and are harder. -Upon deformation, the strain mainly localizes in primary ′ . Localization mainly happens in the primary ′ with major axis oriented at approximately 45° with respect to the loading direction. -Evolution of the surface topography during deformation reveals the role of interface plasticity on the overall deformation of the printed Ti-6Al-4V. The boundaries of the primary ′ are particularly prone to interface plasticity to accommodate strain incompatibilities with the surrounding microstructure. No significant localization at the prior grain boundaries is observed -Strain localization results in the void formation within the primary ′ . Void growth and coalescence result in the final fracture of the material. Local damage is highly ductile but results in an apparent brittle failure. This pseudo-embrittlement is also seen in the fracture surfaces which contain both dimple and cleavage features. 
